A B S T R A C T The neuronal biosynthesis of somatostatin-like immunoreactivity (SLI) was investigated using mechanically dispersed neonatal rat hypothalamic cells kept in culture for up to 6 wk. Immunohistochemically, SLI was specifically localized to a small subpopulation of parvicellular neurons and their cell processes. By radioimmunoassay the cellular SLI content declined steadily during the first 2 wk in culture (nadir value of 60 fmol/dish at day 15) but then increased progressively to reach a maximum value of 381 fmol/dish at day 46. Gel chromatographic analysis showed this immunoreactivity to consist of forms corresponding to tetradecapeptide somatostatin (S-14), somatostatin-28 (S-28), and a 15,000-mol-wt molecule. After incubation of the cells with [3H]phenylalanine, the cellular extracts, purified by adsorption to Cl8 silica, contained material that bound specifically to an immobilized antisomatostatin antibody. Analysis by gel chromatography and high performance liquiid chromatography of the specifically bound label provided evidence for the presence of labeled S-14, S-28, and the 15,000-mol-wt molecule. Pulse-chase experiments (20-min pulse, 20-min chase) demonstrated a transfer of radioactivity from the 15,000-mol-wt form to material corresponding to S-14 as well as to S-28.
These studies demonstrate that cultured hypothalamic neurons are capable of synthesizing three somatostatin-like peptides (15,000-mol-wt SLI, S-28, S-14), one of which (15,000-mol-wt SLI) serves as a biosynthetic precursor for both S-28 and S-14. This in vitro system should provide a poverful tool for further investiga-
INTRODUCTION
The cvclic tetradecapeptide somatostatin (SRIF or S-14)' was initiallv identified in the hypothalamus as a growth hormone inhibitory factor (1) and subsequently in a number of other neural and nonneural tissues, including extrahypothalamic brain, pancreatic islets, gastrointestinal tract, bladder, and thyroid (2) (3) (4) . In each of these locations the peptide has been shown to exert distinct biological effects, many of which have been proposed to be of considerable physiological importance (2) (3) (4) . In view of the undoubted significance of SRIF as a regulatory peptide, as well as its characteristic distribution in both nerve and endocrine-like cells, the biosynthesis of the peptide is of considerable interest. This interest has been heightened recently by several reports demonstrating molecular heterogeneity of tissue and secreted immunoreactive somatostatin (4) (5) (6) (7) (8) (9) (10) (11) (12) . Direct studies of the biosynthesis of SRIF have so far been carried out in detail only in the pancreas (13, 14) . Pulse-chase studies using rat or fish islets have shown incorporation of radiolabeled amino acids into larger forms of somatostatinlike immunoreactivity (SLI) of M, = 8-15,000 (fish) and Mr = 12,500 (rat) that are processed to SRIF (13 ways involve high molecular weight precursors and thus resemble the scheme previously established for endocrine cells (15) .
Within the central nervous system the hypothalamus contains the highest concentration of somatostatin, which is localized predominantly in parvicellular neurons present in the preoptic and anterior periventricular regions, with axons projecting to the medium eminence and the neurohypophysis (3, 4) . We have previously characterized SLI in rat hypothalamus and identified three forms of immunoreactivity: one with a molecular weight of 15,000, comprising -5% of total SLI (15,000-mol-wt SLI); a second form of Mr = 3,000 (3,000-mol-wt SLI) accounting for -25% of total SLI; and a third, dominant form of Mr = 1,600 (-70% of total SLI), which corresponds to SRIF (6) . Recent amino acid analyses have established the identity of 1,600-mol-wt SLI with SRIF (16) and of 3,000-mol-wt SLI with that of somatostatin-28 (S-28) (17), a biologically active 14 amino acid N-terminally extended form of SRIF isolated from mammalian hypothalamus and intestine (18) (19) (20) . Our earlier investigations on the processing of 15,000-mol-wt SLI and S-28 by hypothalamic enzymes support a possible role for both peptides as precursors for S-14 (21, 22) . In the present study we have developed and characterized an in vitro system of cultured hypothalamic somatostatinergic neurons for investigating the biosynthesis of somatostatin. In particular, the experiments described here were designed both to demonstrate biosynthesis in nerve cells and to provide insight into the biosynthetic relationship between the three molecular forms of SLI. [17] [18] [19] [20] [21] . The cells were suspended in 20 ml of Dulbecco's modified Eagle's medium (DME) and plated in 35-mm-Diam plastic Petri dishes (Falcon Labware, Div. Becton-Dickinson, Oxnard, CA) at a concentration of 2-5 X 106 cells/dish (equivalent to one hypothalamus/dish), and kept in a humidified atmosphere of 5% C02:95% air at 37°C. The culture medium consisted of 80% DME supplemented with 6 g/liter glucose, 80 mU/ml insulin (Toronto insulin, Connaught Laboratories, Willowdale, Ontario), penicillin, streptomycin, and fungizone (100 U/ml, 0.25 ,g/ml, and 100 jig/ml, respectively), as well as 10% fetal bovine serum and 10% horse serum (during the first 7 d), or 10% horse serum alone (from day 7 onwards). The medium was changed every 7 d. The morphological development of the cultures was monitored by phase contrast microscopy. Any pretreatment of the dishes to facilitate cell attachment proved to be unnecessary because the cells attached directly to the bottom of the plastic petri dishes, provided that the cultures were left undisturbed during the first 7 d after plating. Under the conditions used, a balanced development of nondividing neuronal cells and the dividing supporting cells was achieved for periods of at least 6 wk, never necessitating the use of an antimetabolite to kill dividing cells. Preliminary experiments indicated that treatment with cytosin-arabinoside for the first 5 d resulted in cultures with exceedingly low SLI content.
METHODS
Release of SLI from cultured cells. Groups of 10 dishes were incubated for three consecutive 1-h periods with bicarbonate-buffered salt solution. The K+ concentration was 4.6 mM for the first two periods and elevated to 50 mM for the third period (with a concomitant lowering of Na+ concentration to maintain isoosmolality). In a separate experiment, the same protocol was adopted except that Ca++ (2.2 mM) was omitted and 2 mM Na EDTA added instead. Media from the second and third incubation periods as well as cell extracts at the end of the experiments were assayed for SLI. To obtain chromatographic characterization of released SLI, similar experiments were performed using a group of 30 dishes. Media from the second and third incubation period (with Ca++ included) were pooled separately and kept for further analysis.
Measurement and characterization of SLI. To determine the SLI content of the cultures, the cells were scraped in 1 ml 1 M acetic acid and extracted by sonication on ice followed by boiling (5 min) and centrifugation at 1,000 g for 10 min. The supernatant containing the solubilized SLI was evaporated to dryness using a rotary evaporator (SpeedVac, Savant Instruments, Inc., Hicksville, NY), dissolved in 0.05 M P04 buffer, pH 7.5, and measured for SLI by radioimmunoassay (RIA) using a rabbit antibody with specificity directed toward the central region of the S-14 sequence (7). To achieve further characterization by gel chromatography, samples containing SLI were fractionated on Sephadex G-50 columns eluted with 6 M urea, 0.05 M P04, pH 7.5. SLI in each fraction was determined by RIA. The column was calibrated with the following markers (all equally boiled in 6 M urea for 5 min): S-14 and S-28, ribonuclease A, chymotrypsinogen A, and dextran blue. Samples were prepared as follows: (a) neonatal hypothalamic tissue freshly obtained from five animals was extracted in 1 ml 1 M acetic acid by sonication and boiling (4). A 0.1-ml aliquot of the extract was mixed with 0.9 ml of column buffer for analysis. (b) Cultured cells from 10 dishes were pooled and extracted in I M acetic acid as described above. After evaporation of the acetic acid, the extracts were dissolved in 1 ml of column buffer. (c) Media from 30 dishes (from the release experiments) were pooled and the SLI concentrated by passage through a small octadecasilylsilica cartridge (Sep-Pak, Waters Associates, Milford, MA). The retained material (containing SLI) was eluted with 2 ml acetonitrile:water:trifluoroacetic acid (TFA) (80:19:1, by volume) (23) . After removal of the solvent by evaporation, the residue was reconstituted in 1 ml column buffer. (23) .
Incubation of cultures with [3H]phenylalanine. Since the sequence of S-14 contains three phenylalanine residues, [3H]phenylalanine was chosen as the labeled precursor for studying the incorporation of amino acids into SLI. Groups of 40 dishes containing 20-30-d-old cultures were incubated with Dulbecco's phosphate-buffered salt solution for 30 min followed by incubation with 0.5 ml of the same medium containing in addition 12.5 uCi/ml of [3H]phenylalanine for variable amounts of time. For pulse-chase studies, the pulse incubation period was followed by a chase period in which cycloheximide (250 Ag/ml) was added and the label was replaced by unlabeled phenylalanine in a >100-fold excess. The cells were then scraped from the dishes, extracted with 1 M acetic acid as described above, and the labeled SLI purified and characterized. To estimate the amount of radioactivity incorporated into protein in relation to the time of exposure to tracer, groups of 10 dishes were incubated with label for 0, 30, 60, and 120 min at 37°C and proteins in the tissue extracts as well as in the incubation media were precipitated with 10% trichloracetic acid (TCA). After centrifugation, the pellets were washed twice in TCA, dissolved in 0.5 ml 0.5 M NaOH, and counted in a Packard liquid scintillation spectrometer (Packard Instrument Company, Inc., Downers Grove, IL).
Purification of labeled SLI. The initial step was aimed at removing unincorporated label from the extracts by passage through a Sep-Pak cartridge as described above (24) . The cartridge was washed with 20 ml 1 M NaCl and the adsorbed peptides eluted with acetonitrile:water:TFA (80:19:1 vol/vol). Recovery of endogenous hypothalamic SLI (comprising 15,000-mol-wt SLI, S-28, and S-14) from Sep-Pak cartridges was comparable for the three molecular species and averaged 88±6%.
The second step involved further purification by immunoaffinity chromatography. For this, the SLI containing eluate from the Sep-Pak cartridge was evaporated to dryness and the residue reconstituted in 40 ml 50 M P04 buffer, pH 7.5, containing 0.5 M NaCl, 0.1% bovine serum albumin (BSA), and 0.01% Triton X. This solution was then applied to an antisomatostatin affinity column prepared by coupling IgG precipitated by polyethylene glycol from 2.4 ml of sheep antisomatostatin serum to 25 G Affigel 10 (total column capacity 1 ,ug S-14) (7). The column was then rinsed with an additional 200 ml of starting buffer to remove nonspecifically adsorbed protein, and specifically bound material was eluted with 2 M acetic acid or an excess of ligand (40 ,ug S-14) . Label eluting in the presence of excess ligand was found to be quantitatively and qualitatively identical to that eluting with 2 M acetic acid. After concentration by rotary evaporation, the SLI eluted from the affinity column was fractionated on a Sephadex G-50 column equilibrated with 2 M acetic acid. Radioactivity in each sample was determined by liquid scintillation spectrometry. Recovery of total endogenous hypothalamic SLI (consisting of 15,000-mol-wt SLI, S-28, and S-14) from the immunoaffinity column was 82±10% with no significant difference in the relative recoveries of the three molecular forms of S,I.
High performance liquid chromatography (HPLC). Peak fractions of radioactivity from the Sephadex chromatography step corresponding to S-14 and S-28 were further analyzed by HPLC. For this procedure the fractions were rotary evaporated, resuspended in a total volume of 0.4 ml 30% aqueous acetonitrile, and analyzed. A uBondapak C-18 column (Waters Associates, Inc.) was eluted with a gradient from 30 to 50% aqueous acetonitrile. In addition, the solvent system contained 0.1 M Na acetate and 0.2% heptafluorobutryic acid (22) . Aliquots of the fractions were analyzed for SLI by RIA and radioactivity was measured by liquid scintillation spectrometry.
RESULTS
Characterization of hypothalamic cultures. Immediately after being plated, all cells exhibited a uniform round-shaped appearance and were evenly distributed on the plate surface. After day 5 in culture, many cells showed a tendency to aggregate, and in addition developed processes that made contact with neighboring cells or cell processes. After 20 d in culture, a confluent layer of fibroblast-like cells covered most of the surface of the dish, with the neural cells on top forming an increasingly complex network of processes connecting either individual neurons or neuron clusters. In addition, cells with the morphology of astrocytes and oligodendrocytes were observed to contact several neighboring neurons by means of short processes ( Fig. 1[a, b] ). Determination of SLI content by RIA showed that the initial cell suspension before plating contained an average of 1.7 pmol SLI/ml. However, as shown in Fig. 2 , the SLI content of the cultured cells diminished dramatically to 120 fmol/ dish at day 2 and thereafter declined more gradually over the next 2 wk to reach a nadir of -60 fmol/dish at day 15. During the subsequent 4 wk there was a progressive increase in the cellular content of SLI reaching a mean value of 381 fmol/dish at day 46, which was sixfold greater than the nadir value observed at day 15. This suggests that most of the SLI present in the cultures after day 15 is the result of de novo in vitro synthesis. To localize SLI-containing cells, immunohistochemical methods were applied. As illustrated in Fig. 1 (c, d) Pools of 10 culture dishes were incubated at 37°C in 0.5 ml DME containing [3H]phenylalanine (30 X 106 dpm/ml) for the times indicated and proteins in cell extracts and media were precipitated with TCA. In addition, all extracts were passed through a Sep-Pak cartridge and the adsorbed material was eluted with 2 ml acetonitrile:water:TFA (80:19:1, by volume). Control values (0 min) were obtairned by removing cells and media immediately after addition of tracer.
C-18 cartridge amounted to only around one-third of the TCA-precipitable counts, at all time points examined. An average of 11.5% of the label present in the extract after a 2-h labeling period was retained on the Sep-Pak cartridge. During the subsequent affinity chromatography step, a mean of 0.33% of the applied labeled material was specifically bound. The elution profile on Sephadex G-50 of the purified 3H-labeled SLI is shown in Fig. 3C . Approximately 50, 15, and 25% of labeled material eluted in positions corresponding to 15,000-mol-wt SLI, S-28, and S-14, respectively. Approximately 10% eluted in a position before that of 15,000 exhibiting an apparent Mr of >15,000. Peak fractions of the [3H]phenylalanine-labeled material coeluting with S-28 and S-14 were further analyzed by HPLC. The results (Fig. 4) showed that 65% of the counts coeluting with S-14 on Sephadex G-50 and 60% of the counts coeluting with S-28 possessed identical retention times to their synthetic counterparts. Pulse-chase experiments. To test for possible precursor-product relationships between labeled 15,000-mol-wt SLI, S-28, and S-14, pulse incubations of 5-20 min duration were performed and followed by a 20-min chase period. As depicted in Fig. 5 , conversion of label eluting at KD = 0.05-0.20 into material eluting in the positions of S-28 and S-14 was observed. Whereas after the 20-min pulse period 85% of the total radioactivity eluted at KD = 0.05-0.20, after 20 min of chase, this amount had decreased to 35% with a concomitant increase in the proportion of label eluting at K,) = 0.65-0.75 (S-14). Furthermore, after the chase period, an additional peak of label appeared at KD = 0.45, which was not present after the 20-min pulse period and which corresponded in its elution position to S-28.
DISCUSSION
The investigation of somatostatin biosynthesis in nerve cells has proved difficult because of inavailability of a suitable neural tissue containing a relatively pure population of somatostatin cells. Because the hypothalamus contains the highest concentration of immunoreactive somatostatin in the brain (4), we have developed in the present study an in vitro system of cultured neonatal hypothalamic neurons and characterized it with respect to its ability to synthesize and release SLI. For elucidation of the biosynthetic relationships between 15,000-mol-wt SLI, S-28, and S-14, the hypothalamus offers the distinct advantage of containing substantial quantities of all three molecular forms as opposed to tissues such as the pancreas, which have been studied previously (5) . Primary cultures of dispersed hypothalamic and cerebrocortical cells derived from fetal rat brain and containing SLI have recently been described from two laboratories (25, 26) . the cultured neonatal hypothalamic cells in the present study are comparable to those reported for the two fetal tissues. However, specific somatostatin-positive neurons were identified by immunocytochemistry only in cultured cerebrocortical cells (26 Results from the pulse-chase experiments suggest that after a short pulse period, label is preferentially incorporated into a form corresponding in its elution position on gel chromatography to 15,000-mol-wt SLI, whereas during the following chase period, transfer of label is observed from the 15,000-mol-wt region to peaks eluting in the position of S-14 and S-28. No transfer of label from the very high M, peak (>15,000-molwt SLI) to compounds of smaller molecular size was observed during these pulse-chase experiments. These findings suggest a precursor-product relationship between 15,000-mol-wt SLI and S-28 and S-14 and are consistent with our earlier studies of the processing of 15,000-mol-wt SLI by rat hypothalamic enzymes in which sequential breakdown of 15,000-mol-wt SLI to S-28 and S-14 was demonstrated (21) . After the chase period relatively little material eluted in the position of S-28 compared with the marked accumulation of material coeluting with S-14. This could be due to a direct conversion of 15,000-mol-wt SLI into S-14 or to a very rapid conversion of newly formed S-28 to S-14. Separate evidence for the existence of the latter pathway has been obtained in recent studies demonstrating conversion of S-28 to S-14 by hypothalamic synaptosomes (22) . Although the present data do not permit a final conclusion regarding the relative importance of the two potential biosynthetic pathways leading to S-14 (i.e., directly from 15,000-mol-wt SLI or via S-28 as an intermediate), they do provide evidence that 15,000-mol-wt SLI is a precursor for both S-28 and S-14.
Somatostatin biosynthesis has previously been investigated in detail in the pancreas and almost exclusively in the fish pancreas (13, 14, (28) (29) (30) . These studies have culminated in the identification and sequencing of two separate cDNAs derived from anglerfish islet mRNAs that encode for two distinct somatostatin peptides (preprosomatostatins 1 and 2) of M, 13,300 and 14,100 (30) . One of these molecules contains the exact sequence of S-14 at the C-terminus but neither peptide exhibits the complete S-28 sequence. In contrast to the fish, relatively few studies of somatostatin biosynthesis have been conducted in mammalian tissues and especially in nonpancreatic tissues. Joseph-Bravo et al. have reported the isolation from rodent hypothalami of mRNA that codes for a 15,000-mol-wt polypeptide immunologically related to somatostatin (31) . Recently, cDNA prepared from mRNA isolated from a rat medullary thyroid carcinoma has been shown to code for a precursor of approximately 130 amino acid residues, which contains the entire sequence of S-28 at the C-terminus and which could thus represent a possible precursor for S-28 and S-14 (32). Using isolated rat islets, Patzelt et al. identified a 12,500-molwt prosomitostatin molecule following a short (1-2 min) pulse incubation with radioactive amino acids, which was processed to S-14 during a 30-120-min chase period (14). The large precursor molecule demonstrated in mammalian tissues in each of these three studies corresponds in size to the 15,000-mol-wt SLI form identified in the rat hypothalamus in the present study. Furthermore, the kinetics of somatostatin biosynthesis in rat islets (14) appear comparable to those observed in the rat hypothalamus. However, major differences exist between the two systems, especially with respect to S-28, which was not identified in the islet studies.
In conclusion, we have demonstrated that cultured normal rat hypothalamic neurons represent a suitable system for investigating neuronal biosynthesis of somatostatin-like.peptides and particularly for future studies aimed at elucidating the relative physiological significance of the one or more pathways leading to S-14 formation as well as the regulation of biosynthesis.
